INTRODUCTION
============

Human genome is constantly exposed to potentially detrimental endogenous and exogenous genotoxic stress. Every cell division cycle has the potential to induce DNA strand breaks. In addition, exogenous genotoxic agents such as cosmic rays, oxidative stress, and chemical mutagens cause different nucleotide modifications and DNA damage ([@R1]). Double-strand breaks (DSBs) are one of the most deleterious forms of DNA damage. Ataxia-telangiectasia mutated (ATM) protein kinase is a master regulator of DSB-induced DNA damage response. The *ATM* gene is located on chromosome 11, and its transcript encodes a 3056--amino acid protein ([@R2]--[@R4]). ATM protein contains various α-helical HEAT (Huntington-elongation factor 3-protein phosphatase 2A-TOR1) repeats, the conserved FAT (FRAP-ATM-TRRAP) domain, PIKK (Phosphatidylinositol 3-kinase-related kinase) kinase domain, and FAT C-terminal domains ([@R5]). Upon DSB induction, ATM is rapidly recruited to DSBs and activated. Activated ATM phosphorylates H2AX at Ser^139^ (forming γH2AX), and this phosphorylation is recognized by MDC1 ([@R6], [@R7]). MDC1 recruits downstream DNA repair protein and initiates the DNA repair process ([@R8]--[@R11]). ATM also triggers a second wave of phosphorylation events through its downstream kinase Chk2 and induces cell cycle arrest or cell apoptosis ([@R12]). *ATM* is mutated in patients with ataxia-telangiectasia, whose phenotypes include growth retardation, neurological defects, cancer predisposition, and hypersensitive to radiation ([@R13]).

DSB-induced ATM activation is different from oxidative stress--mediated ATM activation, which is due to dimerization of ATM via disulfide bonds *(*[@R14], [@R15]*)*. Following DSBs, the Mre11-Rad50-Nbs1 (MRN) complex serves as an upstream component of DNA damage signaling and is critical for ATM activation ([@R16]--[@R18]). Recombinant MRN complex directly binds to double-stranded DNA ends and promotes ATM activation with double-strand DNA in vitro ([@R17]). The acetyltransferase Tip60 also contributes to ATM activation ([@R19]). Tip60 is activated in a histone H3K9me3-dependent manner and acetylates ATM, thus promoting ATM activation. Recently, we and another group showed that UFM1-specific ligase 1 (UFL1) promotes ATM activation ([@R20], [@R21]). We found that UFL1 ufmylates H4 at Lys^31^ and enhances the recruitment of SUV39H1 to DSBs, resulting in trimethylation of H3 at Lys^9^ and activation of Tip60 to enhance ATM activation ([@R21]). However, it is still unclear how increased histone H4 ufmylation following DNA damage is connected to H3K9me3. Here, we show that STK38 recognizes monoufmylated histone H4 and recruits SUV39H1 to DSBs to promote ATM activation.

RESULTS
=======

STK38 recognizes monoufmylated H4
---------------------------------

To identify potential histone H4 ufmylation readers, we analyzed all the proteins with potential UFM1 binding motif (table S1), which was initially found in UBA5 protein ([@R22]). From the potential candidates, we focused on the factors that have been shown to interact with epigenetic regulators. We identified one potential UFM1 binding protein---serine/threonine kinase 38 (STK38) ([Fig. 1A](#F1){ref-type="fig"}). STK38, also named as NDR1, is a member of the AGC kinase family ([@R23]), which is implicated in the Hippo pathway. STK38 has been reported to interact with heterochromatin protein 1 (HP1) ([@R24]), which forms a complex with KAP-1 and SUV39H1, and helps promote H3K9 trimethylation ([@R25]). We carried out immunoprecipitation assay with STK38 antibody and found that STK38 interacted not only with HP1 but also with KAP-1 and SUV39H1 ([Fig. 1B](#F1){ref-type="fig"}). However, we did not observe the interaction between STK38 and the ATM or MRN complex (fig. S1). We therefore hypothesized that STK38 might be a reader for monoufmylated histone H4 and recruit SUV39H1 through the HP1/KAP-1 complex.

![STK38 recognizes monoufmylated H4.\
(**A**) UFM1 binding motif in STK38 protein. (**B**) STK38 interacts with the SUV39H1--KAP-1--HP1 complex. Rabbit immunoglobulin G (IgG) or STK38 antibody immunoprecipitates from U2OS cells were blotted with indicated antibodies. (**C** and **D**) Purified GST or GST-STK38 proteins were incubated with irradiated U2OS cell lysates for 1 hour and then blotted with indicated antibodies. (**E**) Purified UBA5, UFC1, UFL1, UFM1, and H4 proteins were incubated together in the presence of ATP and MgCl~2~ at 30°C for 90 min. Reaction products were used for GST pull-down assay with purified wild-type (WT) or mutant GST-STK38 proteins. (**F**) U2OS cells expressing WT or mutant STK38 were lysed, treated with Benzonase, and then subject to immunoprecipitation with HA agarose beads. Immunoprecipitates were blotted with indicated antibodies. (**G** and **H**) The mononucleosomes were purified from WT and K31R H4--expressing U2OS cells with/without 10 Gy IR (G) or U2OS cells transfected with control siRNA, STK38 siRNA, or UFM1 siRNA with/without 10 Gy IR (H) and then incubated with STK38 antibody. The immunoprecipitates were blotted with indicated antibodies. \*Maxi PAGE gels that were used to separate the endogenous and exogenous H4. Mini PAGE gels were used for the rest of the blots.](aax8214-F1){#F1}

To test this hypothesis, we examined the interaction between STK38 and ufmylated H4. We incubated purified STK38--glutathione *S*-transferase (GST) fusion protein with irradiated cell lysates and performed pull-down assay. Monoufmylated histone H4 was detected in STK38-GST precipitates, but not in GST precipitates ([Fig. 1C](#F1){ref-type="fig"}). To explore how STK38 binds to ufmylated H4, we mutated critical residues in the potential UFM1 binding domain (LIR/UFIM domain) of STK38 and performed pull-down assay. Mutation of four critical amino acids within the UFM1 binding motif to alanine (4A mutant) abolished the interaction between STK38 and ufmylated H4, without affecting the interaction between STK38 and HP1/KAP-1/SUV39H1 ([Fig. 1D](#F1){ref-type="fig"}). We further performed pull-down assay with purified GST-STK38 and ufmylated H4 generated from in vitro ufmylation assays and found that mutation of the four critical amino acids impaired recognition of ufmylated H4 by STK38 ([Fig. 1E](#F1){ref-type="fig"}). To confirm this result in vivo, we also carried out immunoprecipitation assay. We detected similar impaired interaction between STK38 and ufmylated H4 due to mutation of the four critical amino acids, but no effect on the interaction between STK38 and SUV39H1 complex ([Fig. 1F](#F1){ref-type="fig"}). Previously, we have reported that histone H4 is monoufmylated at Lys^31^ by the ligase UFL1 ([@R21]). To test whether ufmylation of H4 at K31 is important for the interaction between STK38 and H4, we mutated H4 Lys^31^ into arginine, isolated chromatin fraction, and performed immunoprecipitation assay. We found that mutation of H4K31 abolished the interaction between STK38 and H4 ([Fig. 1G](#F1){ref-type="fig"}). To further confirm this result, we also depleted STK38 and UFM1 separately and found depletion of UFM1, as well as depletion of STK38, attenuated the interaction between STK38 and H4 ([Fig. 1H](#F1){ref-type="fig"}). Our results suggest that STK38 is a H4K31 ufmylation reader and might facilitate the accumulation of SUV39H1 at DSBs.

STK38 is recruited to the DSB
-----------------------------

To test further whether STK38 is a reader of monoufmylated H4, we examined whether STK38 was recruited to the DSBs. We found that STK38 proteins accumulated at DNA damage foci following DNA damage ([Fig. 2A](#F2){ref-type="fig"} and fig. S2A). Although STK38 is a serine/threonine kinase, its kinase activity was not essential for its own foci formation, since the K118R kinase dead mutant ([@R26]) behaved similar to the wild-type (WT) protein ([Fig. 2B](#F2){ref-type="fig"} and fig. S2B). We have reported that UFL1 is recruited to DSB following DNA damage ([@R21]). To test whether the recruitment of STK38 to DSB is mediated by UFL1, we knocked down UFL1 and monitored STK38 foci formation following Ionizing Radiation (IR). We found that depletion of UFL1 attenuated STK38 foci formation ([Fig. 2C](#F2){ref-type="fig"} and fig. S2C), consistent with the role of UFL1 as a histone H4 ufmylation writer. To further confirm that ufmylation of histone H4 protein at Lys^31^ is critical for STK38 recruitment, we transfected WT and ufmylation-deficient mutant histone H4 K31R plasmids into U2OS cells and monitored STK38 foci formation. We have previously shown that overexpression of H4K31R mutation compromises ATM activation ([@R21]), probably by functioning as a dominant-negative mutant. Here, we found that overexpression of H4K31R also suppressed STK38 foci formation ([Fig. 2D](#F2){ref-type="fig"} and fig. S2D), suggesting that ufmylation is important for STK38 recruitment to DNA lesions. To further confirm that ufmylation is important for the recruitment of STK38 to DNA break sites, we knocked down UFM1 and UFSP2 separately and found that loss of UFM1 impaired the STK38 foci formation; in contrast, depletion of UFSP2 enhanced STK38 foci formation (fig. S2, E and F). To further determine that the UFM1 binding motif is critical for the recruitment of STK38 to the DSBs, we transfected WT and 4A mutant into STK38 knockdown cells and found that WT STK38 but not STK38 4A mutant formed foci following IR ([Fig. 2E](#F2){ref-type="fig"} and fig. S2G). Collectively, these results suggest that the recruitment of STK38 to DNA damage site relies on its recognition of monoufmylated H4.

![STK38 is recruited to the DSB.\
(**A**) U2OS cells were treated with or without 2 Gy IR. Thirty minutes later, cells were fixed and stained with indicated antibodies. (**B**) Vector, HA-tagged WT, or kinase-dead mutant (K118R) STK38 plasmids were transfected into U2OS cells. The localization of STK38 was detected by HA antibody. (**C**) Control and UFL1 knockdown cells were treated with or without 2 Gy IR. Thirty minutes later, cells were fixed and stained with indicated antibodies. (**D**) Vector, WT H4, or K31R H4--expressing cells were treated with or without 2 Gy IR. Thirty minutes later, cells were fixed and stained with indicated antibodies. (**E**) STK38 knockdown cells were restored with WT and 4A mutant STK38 and treated with or without 2 Gy IR. Thirty minutes later, cells were fixed and stained with indicated antibodies. Scale bars, 10 μm.](aax8214-F2){#F2}

The recruitment of SUV39H1 relies on STK38
------------------------------------------

We next tested whether the recruitment of SUV39H1 to DSB was dependent on STK38, which recognizes ufmylated histone H4. To monitor the recruitment of SUV39H1 to the defined DSB, we used chromatin immunoprecipitation (ChIP) assay in MDA-MB-231 ROS8 cells ([@R27]), since it is difficult to detect SUV39H1 foci. An I-SceI cut recognition site was inserted into a copy of the E-cadherin promoter in MDA-MB-231 ROS8 cells. When cells were treated with doxycycline, I-SceI endonuclease expression was induced and I-SceI created single DSB in the cell. We performed ChIP assay with SUV39H1, H3K9me3, and H3 antibodies and detected the changes in trimethylation of H3K9 and the recruitment of SUV39H1 around the DSB. We found that loss of STK38 attenuated the recruitment of SUV39H1 to DSBs and suppressed H3K9me3 modification at damage sites ([Fig. 3A](#F3){ref-type="fig"}). To further confirm that recognition of ufmylated H4 by STK38 is important for SUV39H1-mediated trimethylation of H3K9 around the DSB, we reintroduced WT and 4A mutant STK38 into STK38 knockdown cells. We found that reconstitution of WT STK38 but not STK38 4A mutant in STK38 knockdown cells partially rescued SUV39H1 recruitment to the DSB and H3K9me3 modification at the DSB ([Fig. 3B](#F3){ref-type="fig"}). These results indicate that recognition of monoufmylated H4 by STK38 is critical for SUV39H1 recruitment to the DSB and subsequent H3K9 trimethylation.

![The recruitment of SUV39H1 relies on STK38.\
(**A**) Analysis of H3 and H3K9Me3 status at DSB and recruitment of SUV39H1 in cells that were transfected with control (Ctrl) siRNA or two different STK38 siRNAs by ChIP assay. The *y* axis represents relative enrichment of target protein binding DNA compared with input. (**B**) Analysis of H3 and H3K9Me3 status at DSB and recruitment of SUV39H1 in cells that were transfected with STK38 siRNA and reconstituted with WT and 4A mutant STK38 by ChIP assay. Means ± SEM are from three experiments. \*\**P* \< 0.01. Statistical significance was determined by Student's *t* test.](aax8214-F3){#F3}

STK38 is important for ATM activation
-------------------------------------

We had previously shown that UFL1-mediated ufmylation of H4 is important for ATM activation ([@R21]). To test whether STK38 is the critical mediator of this process as a histone H4 ufmylation reader, we depleted STK38 in the cells with two different small interfering RNAs (siRNAs) and found that depletion of STK38 greatly impeded ATM activation and its downstream signaling. We also observed the impaired recruitment of Tip60 to chromatin, which is an important step for ATM activation. Accordingly, we observed decreased acetylation of ATM in STK38 knockdown cells ([Fig. 4A](#F4){ref-type="fig"}). To further confirm the role of STK38 in ATM activation, we reintroduced WT ATM, K3016R ATM, or K3016Q ATM mutant into *ATM* knockout cells. These cells were then transfected with control siRNA or STK38 siRNA. We found that restoration of WT ATM and K3016Q ATM, but not K3016R ATM mutant, enhanced phosphorylation of Chk2, a downstream ATM target. In contrast, knockdown of STK38 suppressed phosphorylation of Chk2 in cells expressing WT ATM but not K3016Q mutant (fig. S3). Since STK38 is a protein kinase, we next examined whether its kinase activity was important for ATM activation. We reintroduced WT or the kinase-dead STK38 into STK38 knockdown cells. Reconstitution of either WT STK38 or the kinase-dead mutant rescued ATM signaling ([Fig. 4B](#F4){ref-type="fig"}), suggesting that STK38 kinase activity is not essential for ATM activation. To confirm the function of STK38 as a monoufmylated H4 reader in ATM activation, we restored STK38 WT or the 4A mutant into knockdown cells and found only WT STK38, but not 4A mutant, rescued ATM activation ([Fig. 4C](#F4){ref-type="fig"}), suggesting that recognition of histone H4 ufmylation by STK38 is important for ATM activation.

![STK38 is important for ATM activation.\
(**A**) U2OS cells were transfected with control siRNA and two different STK38 siRNAs. Cells were harvested and lysed with whole-cell lysate buffer or underwent chromatin fractionation or NETN buffer for ATM immunoprecipitation. The samples were blotted with indicated antibodies. (**B**) U2OS cells were transfected with control siRNA or STK38 siRNA with or without reconstitution of either HA-WT-STK38 or HA-K118R-STK38, and cells were then treated with or without 2 Gy IR. Cell lysates were blotted with indicated antibodies. (**C**) U2OS cells depleted of STK38 were reconstituted with WT and 4A mutant STK38. Cells were lysed and blotted with indicated antibodies. (**D**) Analysis of phospho-H3 cells in control siRNA and STK38 siRNA--transfected cells. Means ± SEM are from three experiments. \*\**P* \< 0.01. Statistical significance was determined by Student's *t* test. (**E**) Analysis of cell cycle distribution of cells transfected with control siRNA or two different STK38 siRNAs. The data presented are means ± SEM for three independent experiments. Statistical significance was calculated using two-way analysis of variance (ANOVA).](aax8214-F4){#F4}

It has been shown that cells lacking ATM function exhibit a defective G~2~ checkpoint ([@R28]). As a regulator of ATM activation, depletion of STK38 might affect the G~2~/M checkpoint. We performed G~2~/M checkpoint assay and found that loss of STK38 compromised the IR-induced G~2~/M checkpoint ([Fig. 4D](#F4){ref-type="fig"}). To exclude the possibility that the impaired G~2~/M checkpoint is due to the change in cell cycle, we analyzed the cell cycle profiles of STK38 knockdown cells. We found that loss of STK38 did not notably affect cell cycle distribution ([Fig. 4E](#F4){ref-type="fig"}).

STK38 regulates IR sensitivity
------------------------------

To examine whether the absence of STK38 affects cell radio sensitivity, we performed colony formation assay. Compared with the control group, the survival of STK38 knockdown U2OS cells was significantly reduced following exposure to various doses of radiation ([Fig. 5A](#F5){ref-type="fig"}), suggesting that STK38 is important for cellular radiation response. It is possible that STK38 regulates the DNA damage response through regulation of other cellular processes. To further confirm that the function of STK38 in radiosensitivity is through ATM, we knocked down STK38, ATM, or both in the U2OS cells. We found that loss of STK38 or loss of ATM-sensitized cells to irradiation and depletion of STK38 did not further sensitize cells to IR in ATM knockdown cells ([Fig. 5B](#F5){ref-type="fig"}). When we introduced ATM acetylation mimic mutant K3016Q, we found ATM K3016Q reversed the radiosensitivity caused by the loss of STK38 (fig. S4A). This result suggests that STK38 regulates radiation sensitivity through the regulation of ATM acetylation. To confirm the function of the UFM1 binding motif of STK38 in this response, we restored WT and 4A mutant in STK38 knockdown cells and treated cells with or without ATM inhibitor. We found that reintroduction of WT STK38, but not the STK38 4A mutant, reversed the radiosensitivity caused by knockdown of STK38. ATM inhibitor Ku55933 sensitized cells to IR, and knockdown of STK38 or reintroduction of WT or 4A mutant did not further affect radiosensitivity in the presence of Ku55933 (fig. S4B). Our results suggest that loss of STK38 sensitizes cell to irradiation through ATM.

![STK38 regulates IR sensitivity.\
(**A**) U2OS cells transfected with control siRNA or two different STK38 siRNAs were exposed to the indicated doses of radiation and subjected to colony formation assay. (**B**) U2OS cells transfected with control siRNA, STK38 siRNA, ATM siRNA, or STK38 siRNA+ ATM siRNA were exposed to the indicated doses of radiation and subjected to colony formation assay. The data are presented as means ± SEM of three independent experiments. \*\**P* \< 0.01. Statistical significance was calculated by ANOVA with multiple comparisons.](aax8214-F5){#F5}

DISCUSSION
==========

There are sets of specialized protein machineries, which add, remove, or recognize modified histones. These proteins are also called histone writers, erasers, and readers ([@R29]). Ufmylation, as a previously unidentified histone modification, has its own writer, eraser, and reader. Previous studies suggest that the writer of ufmylated H4 is the E3 ligase UFL1, and the eraser is the deufmylase UFSP2 ([@R21]). We have reported that histone H4 is ufmylated at Lys^31^ by UFL1, and this ufmylation is important for ATM activation ([@R21]). Overexpression of UFSP2, on the other hand, decreases ATM activation ([@R21]). A study from another group also confirms the critical role of ufmylation for enhancing ATM activation. This study suggests that UFL1 promotes ATM activation through ufmylation of MRE11 and enhances MRE11 loading to the DNA ([@R20]). The different substrates identified in both studies might be due to the different experimental models. It is expected that additional substrates of UFL1 will be identified. Further studies are required to reveal the potential redundancy or difference of UFL1 substrates.

So far, the reader for UFM1 was unknown, and it was unclear how histone H4 ufmylation promotes ATM activation. Three different strategies are used for identifying the readers: (i) identification of binding proteins by mass spectrometry, (ii) hypothesis-driven screening between protein domain and ufmylated peptides, and (iii) screening through high-throughput arrays ([@R30]). Here, we used the second strategy to identify the UFM1 reader based on the recently defined UFM1 binding domain. We identify an ufmylated H4 reader---STK38, which contains a motif similar to the UFM1 binding domain ([@R22]). STK38 is a member of NNDR (nuclear Dbf2-related)/LATS (large tumour suppressor) kinase family and is conserved from yeast to mammals. It is a multifunctional kinase and is involved in many important biological processes. During mitosis, STK38 drives centrosome duplication in a CDK2-dependent manner ([@R31]). STK38 is also critical for Fas receptor--induced apoptosis and mediates the RASSF1A/MST1 signaling pathway ([@R32]). Under conditions that induce autophagy, STK38 binds to Beclin1 to promote autophagy and serves as a switch between apoptosis and autophagy ([@R33], [@R34]). STK38 also phosphorylates and stabilizes RBM24 and regulates sarcomere assembly and heart contractility ([@R35]). Moreover, STK38 is important for immune response. It enhances Mitogen-activated protein/extracellular signal-regulated kinase Kinase Kinase 2 (MEKK2) ubiquitination and suppresses Toll-like receptor 9 (TLR9)--activated inflammatory responses in macrophages ([@R36]). STK38 also potentiates nuclear factor κB (NF-κB) activation induced by tumor necrosis factor--α ([@R37]).

Recently, a role of STK38 in the DNA damage response has been reported. Following DNA damage, STK38 phosphorylates CDC25A at Ser^76^, inducing degradation of CDC25A and promoting cell cycle checkpoint activation ([@R38]). STK38 also promotes nucleotide excision repair under ultraviolet-induced DNA damage condition ([@R39]). Here, we discovered that STK38 has a kinase-independent function in promoting ATM activation. We showed that STK38 contains a UFM1 binding motif. Mutation of conserved amino acids in this motif abolished the interaction between STK38 and ufmylated H4 ([Fig. 1, A to C](#F1){ref-type="fig"}). With the support of in vitro and in vivo data, we propose that STK38 is a reader of ufmylated H4 ([Fig. 1, D to H](#F1){ref-type="fig"}). However, the detailed mechanism of this recognition requires more extensive structural studies in the future. We also further confirmed that STK38 activates ATM signaling, and this process requires the ufmylation binding function of STK38 but not its kinase activity. Consistent with the role of STK38 in ATM activation, *Stk38*-deficient mice are reported to be prone to develop thymic lymphoma in aged mice, sharing similar tumor spectrum with *Atm* knockout mice. This observation suggests that both proteins might function to suppress lymphoma in vivo ([@R40]--[@R42]). Together, we have identified STK38 as a H4 ufmylation reader that facilitates the recruitment of SUV39H1 to DSBs, resulting in the trimethylation of H3K9 and activation of Tip60 to the DSB, thus enhancing ATM activation.

MATERIALS AND METHODS
=====================

Cell culture, plasmids, and reagents
------------------------------------

U2OS \[the American Type Culture Collection (ATCC)\] and human embryonic kidney 293T (ATCC) cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). MDA-MB-231 ROS8 cells (provided by S. Baylin, Johns Hopkins University) were cultured in DMEM supplemented with 10% FBS and Zeocin and blasticidin treatment. All cell lines were kept in a humidified 37°C 5% CO~2~ incubator.

STK38-myc was used as the template, and STK38 polymerase chain reaction (PCR) product were inserted into pCMV (cytomegalovirus)--hemagglutinin (HA) vector. STK38 2A mutant 1, 2A mutant 2, and 4A mutant were generated using site-directed mutagenesis kit.

Anti-UFL1 antibody (A303-456A) was purchased from Bethyl Laboratories. Anti-actin (A5316, 1:10,000) and anti-UFL1 (HPA030558 for detecting foci) antibodies were purchased from Sigma-Aldrich. Anti-ATM (2873), anti-pSer^1981^ ATM (13050), anti-SUV39H1 (8729), anti-SQ/TQ motif (9607, 1:1000 for Western blot), anti-Chk2 (2662), and anti-phosphoChk2 (2197) antibodies were purchased from Cell Signaling Technology. Anti-53BP1 \[mab3802 for immunofluorescence (IF)\], anti-MDC1 (05-172, 1:1000), anti-SUV39H1 (MABE552, 1:1000 for Western blot), and anti-γH2AX (05-636, 1:1000 for IF) antibodies were purchased from Millipore. Anti-UBA5 (ab177478, 1:1000 for Western blot), anti-UFC1 (ab189252, 1:1000 for Western blot), anti-H3 (ab1791, for Western blot and for ChIP), anti-H4 (ab10158, for Western blot and ChIP), anti-H4K16ac (ab109463, 1:100 for ChIP), and anti-H3K9me3 (ab8898) antibodies were purchased from Abcam. Anti-UFM1 (SC-84652, for IF and Western blot) and anti-Tip60 (SC-25378 for Western blot and ChIP) antibodies were purchased from Santa Cruz Biotechnology. Rabbit 53BP1 antibody (NB100-304) was purchased from Novus Biologicals. For immunoprecipitation assay, anti--immunoglobulin G (IgG) and light chain--specific antibodies were used (Jackson ImmunoResearch). Lipofectamine 2000 Transfection Reagent (Invitrogen) and Mirus TransIT Transfection Reagent (Mirus Bio LLC) were used for carrying out transfections following the manufacturer's protocols.

RNA interference
----------------

UFL1 shRNA sh1 \[oligo1 GAAACACTTCTGTGTCAGAAA, targeting 3′ untranslated region (3′UTR)\] and UFL1 shRNA sh2 \[oligo2 GCTCTGGAACATGGGTTGATA, targeting CoDing Sequence (CDS)\] were inserted into Tet-on PLKO.1 vector. Lentiviruses were made according to the manufacturer's protocol. STK38 siRNA1 (5′-CGUCGGCCAUAAACAGCUdTT-3′, targeting 3′UTR) and STK38 siRNA2 (5′-GCCUGCAACUUAGGCGGAUUGdTT-3′, targeting CDS) were purchased from QIAGEN.

Western blot and immunoprecipitation
------------------------------------

Western blot and immunoprecipitation were performed as described previously ([@R43]). Cells were lysed with NETN buffer \[20 mM tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40\] with 50 mM β-glycerophosphate, 10 mM NaF, and 1 mg/ml each of pepstatin A and aprotinin. The cell lysates were incubated with Benzonase to remove DNA and then incubated with antibody against protein of interest and protein A or protein G Sepharose beads (Amersham Biosciences) for 2 hours or overnight at 4°C. The immunoprecipitates were analyzed by SDS--polyacrylamide gel electrophoresis (SDS-PAGE) gels. Western blots were carried out following standard procedures.

Irradiation
-----------

For immunofluorescence studies, the cells were irradiated with 0.5 gray (Gy), and for Western blot/coimmunoprecipitation assays, the cells were irradiated with 2 Gy. Cells were analyzed 30 min following irradiation unless noted otherwise.

Chromatin fractionation assay
-----------------------------

The cells were harvested and lysed with low-salt NETN buffer for 20 min. The lysates were centrifuged at 15,000*g* for 10 min. The supernatant was aspirated off, and the chromatin pellet was washed with phosphate-buffered saline (PBS) and centrifuged at 15,000*g* for 2 min. This step was repeated three times. The pellet was resuspended in 0.2 M HCl for 30 min on ice. The soluble extraction was neutralized with 1 M NaOH for Western blot.

Colony formation assay
----------------------

Colony formation assay was carried out as previously described ([@R44]). Briefly, 1000 to 3000 U2OS cells were plated in each well of six-well plates and treated as indicated. The next day, cells were exposed to the indicated dose of ionizing radiation and incubated for 10 to 14 days at 37°C to allow colony formation. Colonies were fixed with methanol, stained with methylene blue, and counted. Results were normalized to plating efficiencies.

Immunofluorescence staining
---------------------------

Cells were plated on coverslips and fixed with 3% paraformaldehyde on ice after the indicated treatment. Then, the cells were washed with PBS and permeabilized for 10 min with 0.5% Triton X-100. Cells were blocked and incubated with primary antibodies for 1 hour at room temperature. After washing with PBS, immunofluorescent-labeled secondary antibody (Jackson ImmunoResearch) was added and incubated for 30 min at room temperature. After washes with PBS, cells were incubated with 4′,6-diamidino-2-phenylindole (DAPI). Last, the coverslips were mounted onto glass slides with antifade solution and visualized using a Nikon ECLIPSE E800 fluorescence microscope.

Cell cycle analysis and G~2~/M checkpoint
-----------------------------------------

U2OS cells were treated as indicated and fixed with 70% precooled ethanol (−20°C) and harvested by centrifugation. Then, the cells were incubated with 69 μM propidium iodide (PI) solution in PBS containing ribonuclease (RNase) A for 30 min at 37°C. Cells were subjected to flow cytometry. The cell cycle distribution was analyzed with FlowJo software. For cell cycle analysis, unstained cells were used as control.

For G~2~/M checkpoint analysis, cells were harvested and fixed with 70% precooled ethanol (−20°C) and harvested by centrifugation. Then, the cells were incubated with phospho-H3 antibody for 1 hour. After washes with PBS, the cells were incubated with fluorescein isothiocyanate (FITC)--labeled secondary antibody (Jackson ImmunoResearch). Then, cells were stained with 69 μM PI and analyzed by FACS (fluorescence-activated cell sorting). Negative controls were unstained cell, PI-only--, phospho-H3 staining--only--, and control IgG--only--stained cells to set up the gates.

GST fusion protein purification and pull-down assay
---------------------------------------------------

STK38, STK38 2A mutant 1 and 2, and STK38 4A mutant were inserted into vector pGEX-4T2. GST fusion proteins were expressed in BL21 *Escherichia coli*. Bacteria were incubated with 0.25 mM isopropyl β-[d]{.smallcaps}-thiogalactoside overnight at 18°C. The bacterial cells were lysed with lysis buffer and sonicated. The lysates were centrifuged, and the supernatant was incubated with glutathione agarose beads at 4°C for 4 hours. After washes with NETN buffer, GST fusion proteins were eluted with glutathione. Then, 1 to 2 μg of GST fusion protein and 40 μl of glutathione agarose beads were added into U2OS cell lysates and incubated at 4°C for 2 hours. After the beads had been washed three times with NETN buffer, the protein was eluted and boiled. The samples were analyzed by SDS-PAGE gel.

ChIP assay
----------

MDA-MB-231 ROS8 cells (5 × 10^7^) were treated as indicated. One day later, the cells were treated with 1% formaldehyde for 10 min at room temperature to cross-link proteins to DNA. Glycine was added to stop the cross-linking. Cells were centrifuged and resuspended in cell lysis buffer \[5 mM Pipes (KOH) (pH 8.0), 85 mM KCl, and 0.5% NP-40\] with protease inhibitors for 10 min on ice. Nuclei were spun down by centrifugation and resuspended in nuclear lysis buffer \[50 mM tris (pH 8.1), 10 mM EDTA, and 1% SDS-containing protease inhibitors\]. Sonication was used to shear chromatin to an average size of 0.6 kb. The lysates were precleared with salmon sperm DNA/protein A agarose slurry. Twenty percent of each supernatant was used as input control and processed with the cross-linking reversal step. The rest of the supernatant was incubated with 5 μg the indicated antibody overnight at 4°C with rotation. The immunoprecipitation complexes were washed four times with the following buffers: high-salt buffer \[50 mM tris-Cl (pH 8.0), 500 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% NP-40, and 1 mM EDTA\], LiCl buffer \[50 mM tris-Cl (pH 8.0), 250 mM LiCl, 1% NP-40, 0.5% deoxycholate, and 1 mM EDTA\], and twice in TE buffer \[10 mM tris-Cl (pH 8.0) and 1 mM EDTA (pH 8.0)\]. The immunoprecipitation complexes were resuspended in TE containing RNase (50 mg/ml) and incubated for 30 min. Beads washed with elution buffer (1% SDS and 0.1 M NaHCO~3~) were added for 15 min. Cross-links were reversed by adding RNase (10 μg/ml) and 5 M NaCl to a final concentration of 0.3 M to the eluents and incubated in a 65°C water bath for 4 to 5 hours. Two volumes of 100% ethanol were added to precipitate overnight at −20°C. DNA was pelleted and resuspended in 100 μl of water, 2 μl of 0.5 M EDTA, and 4 μl of 1 M tris (pH 6.5), and 1 μl of proteinase K (20 mg/ml) was added and incubated for 1 to 2 hours at 45°C. DNA was then purified and used in PCRs. The PCR primers for ChIP, close to the I-SceI cut site, were as follows: 5′-CCCTCTCAGTGGCGTCGGAACT-3′ (forward) and 5′-CCCACCCTCTGATGAGTACCT-3′ (reverse). Amplification was performed using the following program: 95°C for 5 min, 1 cycle; 95°C for 45 s, 56°C for 30 s, and 72°C for 30 s, 30 cycles; 72°C for 10 min, 1 cycle. As an internal control for the normalization of the specific fragments amplified, a locus outside the region of the DSB was amplified, in this case FKBP5, using the input control sample as template. The internal control (FKBP5) primers were as follows: 5′-CAGTCAAGCAATGGAAGAAG-3′ (forward) and 5′-CCCGTGCCACCCCTCAGTGA-3′ (reverse). After quantitative PCR (Q-PCR) amplification, the FKBP5 input controls for untransfected (no DSB) and I-SceI transfected (DSB) cells were used to normalize the untransfected and transfected samples, respectively. After normalization, the relative levels of the indicated proteins on a DSB were calculated using the formula: \[IP ISce-1/Input ISce-1\]/\[IP untransfected/Input untransfected\]. All Q-PCRs were performed in triplicate, with the SEM values were calculated from three independent experiments.

Statistical analysis
--------------------

Data in the bar and line graphs are presented as means ± SEM of at least three independent experiments. Comparisons were carried out with a two-tailed unpaired Student's *t* test or analysis of variance (ANOVA) with multiple comparison using GraphPad Prism as appropriate (\**P* \< 0.05 and \*\**P* \< 0.01).
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